Abstract-Traveling-wave type semiconductor optical amplifiers (SOAs) integrated with a spot-size-converter (SSC) are extensively studied for the improvement of coupling efficiency with single-mode fiber and for cost reduction in packaging. In this paper, the structural dependence of the SSC on the effective facet reflectivity e is investigated theoretically as well as experimentally. It is shown that not only a sufficient mode-conversion in a SSC region, but also an introduction of angled facets, are essential for reducing e . A small gain ripple (less than 0.1 dB) in an amplified spontaneous emission (ASE) spectrum, fiber-to-fiber gain of 26 dB, and saturation output power of 7 dBm are observed at the fabricated SOA, which consists of a window length of 20 m, facet angle of 7 , and anti-reflection coated facet of less than 1% reflectivity.
I. INTRODUCTION

S
EMICONDUCTOR optical amplifiers (SOAs) are considered attractive components for future optical communication systems, since they are able to perform various functions ranging from linear amplification to all-optical processing [1] - [3] . SOAs are classified into two groups: Fabry-Perot amplifiers (FPAs) and traveling-wave amplifiers (TWAs). The major difference between the two is the facet reflectivities of the end facets. The TWAs are preferred over the FPAs due to their superior characteristics in bandwidth, saturation output power, and noise figure. The reduction in facet reflectivity is a key step in the development of high-performance TWAs. Residual facet reflectivity can appear in a number of problems, including gain ripple and saturation, excess noise, and increased polarization sensitivity [4] , [5] .
A single-layer anti-reflection (AR) coating requires a quarter-wave film with a refractive index equal to the square root of the refractive index of the substrate, i.e., and . Here, and are the refractive indices of the AR-coated film and the substrate, respectively, is the thickness of the AR coated film, and is the wavelength of the light in vacuum. Although a facet reflectivity of approximately 10 can be obtained only by using a single-layer dielectric film, the use of multilayer coatings seems to be inevitable, since the bandwidth of the single-layer is inherently very narrow [6] . Furthermore, AR coating conditions of the guided wave in a TWA are different from those for the simple plane wave since the guided mode is composed of elementary plane waves with different wave vectors. This makes it difficult to realize low facet reflectivity reproducibly and, thus, requires a complex in-situ monitoring procedure of the refractive index and film thickness. To easily obtain sufficiently low modal facet reflectivity for a wide wavelength range, various techniques have been reported, such as tilting the waveguide [7] , introducing the window region [8] , and combining AR coating with others [9] - [13] . The cost of the TWA is currently very high due to high precision active alignment and complicated AR coatings on the facets. The high precision active alignment is required since the coupling loss between chips and single-mode fiber is large. Also, the alignment tolerance is as small as less than 1 m, which results in a high packaging cost in an SOA module. This is mainly due to the mode-size difference between the SOA and the single-mode fiber (SMF). The guided optical mode sizes from the chip and SMF are about 1 and 8 10 m, respectively. The integration of a spot-size converter (SSC) with an SOA is essential for low-cost packaging issues to achieve both high coupling efficiency as well as high device yield. Thus, recently the TWA integrated with SSC has been extensively studied. In addition, the use of integrated mode expanders has potential to reduce the effective facet reflectivity when used in conjunction with window structures and angled facets [12] , [13] . However, the dependence of the facet reflectivity on the structural parameters in a TWA integrated with SSC has not been clarified yet.
This paper reports the effective facet reflectivity in a TWA integrated with a SSC, and is especially focused on the facet structures and high-performances of the optimized devices. This paper is organized as follows. In Section II, the device structure and analysis method of the facet reflectivity are presented. The facet structure consists of the SSC region, window region, angled facet, and AR-coated dielectric films. The 3-D nature of the optical waveguide is taken into account. The facet reflectivity is calculated by the method based on plane-wave decomposition of the guided mode and Fresnel reflection at the discontinuities along the longitudinal axis. In Section III, the analysis and experimental results including gain characteristics are presented. Section IV gives the conclusions. Fig. 1 shows the schematic structure of a 1.55 -m SSC-SOA used in the theoretical and experimental analysis. The device consists of three regions, namely the active region, SSC region, window region, and AR-coated films. A tensile strained bulk InGaAsP ( m) layer is used as an active layer in both the straight and tapered regions. The mode expander consists of la inearly tapered active region followed by an InP window region of length . Wet chemical etching is used to form the linearly tapered region. The waveguide has an angle with respect to the cleaved facets. The facet is AR coated using dielectric films. It has a reflectivity at the boundary between the InP window region and the dielectric films for 1.55 -m wavelength light.
II. ANALYSIS OF FACET REFLECTIVITY
A. Analysis Model
B. Effective Facet Reflectivity
The dependence of the effective facet reflectivity at the end of the SSC region on the facet structures is analyzed in detail. Fig. 2 shows the analysis model. Our analysis approach for calculating the modal reflectivity at the interface between the different regions is based on the plane-wave decomposition of the dominant waveguide mode and the application of Fresnel's law. If the guided mode and reflected fields have the same propagation constant in the direction, the modal reflectance of the facet structure at the interface can be obtained from the overlap integral of the guided-mode field and the reflected field profiles as (1) where and are the incident and reflected electric fields at , respectively [14] . Three major approximations are used in the following analysis in order to simplify the analysis. 1) is assumed as the fundamental guided mode at the end of the SSC region (i.e.,
). This assumption is valid if the waveguide structure of the SSC region should change adiabatically for the field to be converted into a stable fundamental mode. The fundamental quasi-TE mode is considered to be the guided mode of SSC region. The choice of quasi-TE and quasi-TM modes depends on the input light polarization. The analysis procedure and results are not so different between the modes.
2) The multiple reflection effect in the window region is neglected. In our model (as shown in Fig. 1 ) the facet structure consists of the SSC region, window region, and angled-facet region. As the number of reflections increases within the window region, the center of the reflected field will be far apart from the SSC waveguide center at by the angled-facet and window-region effects. Furthermore, the reflectivity of the field propagating to the SSC region at is very small, since there exists little difference between the refractive indices for the SSC and window regions. Thus, a negligible amount of field components will be coupled to the guided mode of the SSC region by the multiple reflections. Thus, we assume that the initial reflected beam at the angled facet affects .
3) The refractive index of the SSC region is assumed to be uniform for the transmitted field from the window region to the SSC region. Under these approximations, the total reflected field is expressed as (2) where and represent the reflected field component of the incident beam at and , respectively.
C. Incident Field Profile
The fundamental guided mode of the SSC region at is assumed to be the quasi-TE mode. The 2-D optical field profile at is obtained by the weighted-index method (WIM) [15] , [16] . The electric field and magnetic field propagating along the direction are expressed as (5) where denotes the refractive index profile and is the free-space propagation constant. The solution using WIM is assumed to be of the form , where . The separation of variables makes it possible for the solution to be expressed analytically.
D. Reflection and Transmission at the Hetero-Interface
Since the guiding of the waveguide is bound, the plane-wave reflection coefficient cannot be directly used. However, the mode can be Fourier-transformed into an infinite sum of plane waves with the transverse wavevector and . Thus, the wavevector of each plane wave can be considered as . Each plane wave has its own effective index of refraction , where , , and is the wavelength in space. However, the method using a different value of makes it difficult to apply Fresnel's law at the hetero-interface for forward and backward propagating waves, simultaneously [17] - [19] . Some previous studies had simplified by approximating the refractive index inside the waveguide region as a constant of [20] . This is a good approximation in the limit for a weakly guide mode, namely and . A more exact approach of "zero thickness fictitious layer" has been presented in [21] . The unperturbed optical waveguide mode propagates into the infinitesimally thin fictitious layer with a constant refractive index . An optimum is chosen in order for the residual reflection at the epitaxial/fictitious layer interface to be negligible. In our analysis, the following assumptions are made in order to find a reflectivity at the interface for forward and backward propagating waves. For plane waves propagating from the SSC region to the window region, a plane wave in the SSC region is assumed to carry its own refractive index . However, for plane waves propagating in the reverse direction, the refractive index of the SSC region is assumed to be a constant value . This approximation makes it possible to use Fresnel's law for both the forward and backward propagation waves.
Next, we will describe the detailed procedure used in our analysis. The angular spectrum function of the input optical field into the window region is given by the Fourier transform of as (6) where and is the solution of (5). Thus, is considered to be a plane wave traveling in a uniform medium of , where . Other electromagnetic field components with a wavevector should satisfy the following Maxwell's equations that determine the quasi-TE mode field profiles, namely (11) where and are the angular frequency and the permeability in vacuum, respectively.
Thus, a plane wave with can be expressed as
where , , and are orthogonal to each other. In order to apply Frensel's law easily at the interface (i.e., ), it is necessary to decompose and into and waves. The resulting expressions of and are 
Fresnel's law finds the reflection and transmission coefficients for the and waves at the interface to be
The incident angle and transmitted angle are given by
E. Propagation in the Window Region
There exist plane waves propagating in the directions in the window region. In our model, plane waves propagating in the direction are transmitted fields through the plane at from the SSC region to the window region. In addition, plane waves propagating in the direction result in the reflected fields at the angle facet. Let and be the transmitted electric field at of of the incident field interface and its angular spectrum vector, respectively. Then the electric field distribution after traveling from to can be written as (27) where is the refractive index in the window region. The wave set in (27) consists of plane waves and evanescent waves . The evanescent waves decay exponentially along the direction. In order to calculate the reflection from the angled facet and air interface, the coordinate transformation from an unprimed to a primed coordinate system is required. For a plane wave exiting the angled facet, it will pass through the angled facet if . It will be totally reflected at the angled-facet interface if
. When the interface is tilted at angles and as shown in Fig. 2 , , , and can be transformed into , , and , respectively [22] . In a primed coordinate system (28)
The transformation between primed and unprimed coordinate systems is given by
The effective facet reflectivity in (1) is determined by the larger value between two reflected field components from the interfaces and , i.e., and , respectively. The dependence of and on the facet structure is presented in the following section.
III. RESULTS AND DISCUSSIONS
The facet structure of SOA modeled in this paper consists of a SSC region, window region, and angled facet as shown in Fig. 1 . When the light is emitted from the SSC region, reflections occur at the two interfaces of and . The reflection at the interface between the SSC and window regions (i.e., ) is mainly determined by the equivalent refractive index difference between two regions. Fig. 3 shows the calculated facet reflectivity , which comes from the reflected field component at , i.e., . In this analysis, the interface plane at is assumed to be perpendicular to the axis, namely and the refractive index of an InP window region to be 3.17 for 1.55 -m light. As the waveguide width or thickness decreases, and drastically decrease with expanding mode size. It is known that is necessary in order to suppress gain ripple sufficiently in traveling-wave type semiconductor amplifiers [5] , [23] . Thus, the values of and should be chosen such that . For example, m and m can be a good choice since a laterally tapered SSC structure can be easily realized only by conventional photolithography and wet etching techniques. Fig. 4 shows the optical confinement factor of various waveguide structures at . The straight lines are also plotted to indicate the condition and . A weakly guided SSC needs to be integrated with the window structure both to prevent from the reflection at and to achieve high optical coupling with a single-mode fiber.
Another field component to influence the facet reflectivity is the light reflected at the angled facet of , i.e., . The magnitude of depends on the window and angle-facet structures. Commonly, dielectric films needs to be coated at the angle facet in order to obtain extremely low reflectivity. The plane wave reflectivity owing to coated dielectric films varies with the wavevector . Therefore, the facet reflectivity of each plane wave by dielectric films needs to be considered separately for an exact analysis. A popular method used is the transfer matrix method [6] , [18] . In our analysis, we neglect the detailed effect of dielectric film structure in order to concentrate on the window structure and facet tilting effects. The dielectric film region is assumed to be uniform medium with a fictitious refractive index of 2.56. This value gives a power reflectivity of about 1.0% for a normal incident plane wave from the window region to the dielectric film region. The value % can be realized simply by a single-pair dielectric coating. calculation. Also, decreases monotonically as increases. Furthermore, the effect of reducing by appears stronger as waveguide thickness increases. The strongly confined optical field profile in the waveguide consists of the plane waves with large parallel wavevector components. Therefore, the stronger the field is confined, the larger the field is dispersed during the propagation within the window region. Even though decreases as increases, the maximum permissible value of is usually limited by the optical gain in the straight active region and the facet reflectivity . From Fig. 6 , the maximum useful value of is about 0.2 m under the condition . It is possible to decrease at a desired value by elongating the window region length . However, the maximum length of is usually determined by the far-field pattern (FFP) of the device. For the case where is too long, the optical field emitted by the SSC region will be reflected at the top plane of the cladding layer before arriving at the window region facet. The reflection from the surface region deforms FFP greatly and results in a large coupling loss between the SOA and single-mode fiber. In order to avoid the deformation of FFP, a very thick InP window layer is inevitable. However, this requires a long growth time. For these reasons, m is desirable. Fig. 7 shows the dependence of facet reflectivity on the facet angle . In this analysis, the window region length m and the facet reflectivity due to dielectric film coating having % are assumed. Therefore, the decrease of facet reflectivity results from only the angled facet. A facet reflectivity can be easily obtained by introducing a thick and/or wide waveguide structure and an angled facet. The strongly confined field makes it difficult for the light to couple with a single-mode fiber due to the large and asymmetric FFP. Thus, it is better to use a weakly guiding structure around the facet region for good coupling with the fiber since it produces a more symmetric and narrower FFP compared to a strongly guiding structure. A weakly guiding structure has a disadvantage in the point of small facet reflectivity as shown in Fig. 6 . Furthermore, decreases very slowly along in a weakly guided waveguide structure such as when m. Since the mode size of the weakly guided structure is very large, overlap integral between the incident field and reflected field slightly changes by tilting the facet. In the case where m, the facet angling effect appears large for and slowly saturates as increases. Furthermore, the facet angle effect of is as small as 10 , where is the reflectivity of the dielectric coating film. Therefore, it is almost impossible to realize without introducing a window region or multi-layered AR films of % in a SSC with weakly waveguided structures. Figs. 7 and 8 show the dependency of facet reflectivity on the facet angle for m and 20 m, respectively. The values % and m are used in this calculation. It is possible to achieve for m by adjusting the facet angle . There exists a maximum useful value of for practical applications although decreases by increasing . For example, a light beam from the angled facet of 7 emits in the direction tilted by from the longitudinal axis. When is greater than 20 , the layout between the device and fiber is not so simple in the small packaging. Also, the optical coupling loss increases. Furthermore, decreases drastically in the range of . Thus, is promising in a SSC integrated SOA. By comparing Fig. 6 with Figs. 7 and 
8,
of a device with m can be further reduced by a factor of 10 with a window region of m. A fabricated SOA integrated with a SSC, window region, and angled facet is shown in Fig. 1 . The devices were grown by 3-step low-pressure metal-organic chemical vapor deposition technologies. The total length of the device is 1.5 mm, with an SSC at each facet and a 600 -m strained active region. By taking the polarization insensitivity into account, a slightly tensile-strained ( 0.065%) and 0.2 -m bulk InGaAsP ( m) layer was used as a waveguide layer in both the straight active and the SSC regions [13] . The mode expander consists of a 430 m linearly tapered active region followed by 20 m window region. A wet chemical etching technique was used to realize the laterally tapered structures in the SSC region. The width of the active waveguide was tightly controlled to be 1.0 m in the central straight region and reduced down to about 0.2 m at the end of SSC region. The slope of the linearly tapered region was maintained below 4 mR for an adiabatic mode size expansion. The device dimensions used in the straight active region were chosen to achieve a chip gain dB and the saturation output power dBm at the injected current mA. In this design, we assumed that the waveguide structure of the SSC region did not change the device performances except for output beam mode size. A 5 -m-thick InP cladding layer is overgrown in order to be free from any reflections. The details of the waveguide dimension are summarized in Table I . The waveguide is orientated by 7 to the cleaved facets. The facet is AR coated using a TiO /SiO single-layer for all devices. The refractive indices of coated TiO and SiO films were measured by three-angle ellipsometer. The corresponding values of 2.17 and 1.46 were evaluated for a plane wave with 1.55 -m wavelength. The thickness of each dielectric film was selected in order that the wavelength of minimum reflectivity for a normally incident plane wave was obtained at a wavelength slightly longer than 1.55 m. This is because the wavelength showing the minimum reflectivity of spatially bounded beam occurs at shorter wavelength compared to that of normal incident plane wave. Thus, it was expected that the facet reflectivity at the boundary between the InP window region and dielectric films was reduced to less than 1% by the single-layer AR coating in a fabricated device. Fig. 9 shows the measured amplified spontaneous emission (ASE) spectrum at the current of 100 mA. The current was injected uniformly into all active layers that existed in both a straight region and a SSC region. The resolution of the spectrum analyzer was fixed at 0.1 nm. The peak-to-peak values of ASE ripples were measured to be as low as 0.1 dB. This relatively low ASE ripple value means that the facet reflectivity is lower than 10 , which also agrees with the expected results from calculations. Fig. 10 shows the measured FFPs) along the horizontal and vertical directions to the junction plane. A nearly circular FFP was observed. The full-width at half-maximum (FWHM) of the horizontal and vertical FFPs are measured as . The gain measurement was performed by coupling tapered-and lensed-fibers to both facets of the device. Fig. 11 shows the fiber-to-fiber gain versus output power for the different injected current levels. A 1.55 -m DFB-LD was used as an input light source. The fiber-to-fiber gain and 3-dB saturation output power were measured to be 26 dB and 7 dBm, respectively. The fiber-coupling loss per facet was estimated to be approximately 3 dB. Thus, net optical gain of the fabricated SOA device was expected to be as high as 32 dB at mA. These superior characteristics originated from the reduction of the facet reflectivity.
IV. CONCLUSION
The effective facet reflectivity of a SOA was intensively studied both theoretically and experimentally. The facet structure consisted of a SSC region, window region, AR coated film, and air region. In order to analyze the effective facet reflectivity, plane-wave decomposition techniques of the guide mode and Fresnel's Law were applied. Detailed analysis showed that the facet structure integrated with the SSC, window region, angled facet, and AR-coating was essential to achieve simultaneously high fiber-to-fiber gain with small gain ripple and high optical coupling efficiency with single-mode optical fiber. Two types of SSCs can be considered, namely strongly and weakly guiding structures. The combination of the strongly guiding SSC with a waveguide width as wide as a few micrometers and angled-facet structure was effective in reducing the facet reflectivity. However, this type of SSC usually emits asymmetric FFP, which makes it difficult to achieve high coupling efficiency with a single-mode optical fiber. Thus, a weakly guiding SSC seems to be more promising to realize high coupling efficiency with a large alignment tolerance. The optical field emitted by the weakly guiding SSC consists of almost paraxial plane waves. The spot-size of a near-field pattern is very large and FFP angles are very small. This property makes it difficult to achieve facet reflectivity as low as 10 only by the combination of anglefacet and facet reflectivity due to the AR coating. Thus, the integration of the window region, angled facet, and AR-coating spot size is needed for a weakly guiding SSC structure.
The maximum waveguide dimensions of the SSC region are chosen by the permissible reflection at the interface between the SSC region and the window region. In the model used in this paper, the waveguide width m and active layer thickness m are the conditions for . The other reflection component comes from the interface between the InP window region and the facet. The reflectivity at this interface can be controlled by the window region length , facet angle , and the reflectivity . We investigated the dependence of on , , and . For the selected SSC structure of m and m, the reduction effect is significant in the range of m and . The values of can be reduced by the factors of 10 and 10 with and , respectively. Therefore, the introduction of an angled facet is considered to be more effective than a window region in reducing in a SSC integrated SOA. Finally we summarize the conditions of the facet structure for high-performance SOA as follows. The SSC waveguide width m, SSC waveguide thickness m, window region length m, facet angle , and the reflectivity of the dielectric film %. We obtained high-performances by a fabricated SOA integrated with a SSC, window region, and angled facet. The device dimensions of m, m, m, , and % were used in this experiment. The gain ripple measured at an injected current of 200 mA was as small as 0.1 dB. The FWHM of the horizontal and vertical FFPs was almost symmetric ( ). Fiber-to-fiber gains as high as 26 dB were achieved. 
